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ABSTRACT
The  effect of colchicine  and other antimitotic  drugs was studied in cultures of 11-day chick
embryo breast muscle.  Exposure of such cultures  to  10
- 6
M  colchicine  results in  fragmenta-
tion of the  elongate  myotubes into rounded,  cytoplasmic  sacs  (myosacs)  containing various
numbers  of nuclei.  Comparison  of the  dose-response  relation between myotube  fragmenta-
tion and metaphase  arrest suggests  that  the  underlying mechanism  may be similar in both
cases.  Low temperature  does  not duplicate the  effects of colchicine.  Glycerinated myotubes
are not affected by the mitotic inhibitors. The  effect of colchicine on myotubes is reversible.
Myosacs  elongate  within  several  days  after removal  from colchicine.  However,  the regen-
erated  myotubes  fail  to  incorporate  additional  mononucleated  cells.  Colchicine  does  not
interfere  with the  process of fusion itself,  but the metaphase  block prevents cells from enter-
ing that phase  of the  cell  cycle during  which  fusion can  occur.  Cells  arrested in  mitosis by
colchicine  do  not recover  when  incubated  in normal medium.  Colcemid-induced  arrest  is
reversible  and  does not prevent subsequent  fusion of the cells.
INTRODUCTION
Colchicine  is  believed  to  block  mitosis  by  dis-
rupting  the  mitotic  spindle  tubules  at  metaphase
(Inou,  1952,  1964;  Eigsti  and  Dustin,  1955).  In
addition  to  blocking  mitosis,  colchicine  affects
nonmitotic, differentiated  cells such as melanocytes
(Malawista,  1965),  neurons  (Angevine,  1957;
Hoffman,  1952),  and  skeletal  muscle  fibers  (God-
man  and  Murray,  1953;  Godman,  1955).  The
action  of colchicine  on  interphase  cells  has been
attributed  to  a  disassembly  of cytoplasmic  micro-
tubules  (Robbins  and  Gonatas,  1964;  Tilney,
1965).
The present report, confirming Godman's earlier
findings,  describes  the  effects  of  colchicine  on
cultures of chick embryo muscle  and includes data
on the  recovery  and  metabolic  activity  of colchi-
cine-treated myotubes.  As  these  cultures  also con-
tain  a rapidly  dividing  population  of mononucle-
ated cells,  they  are  well  suited for  comparisons  of
the  effect  of the  drug  on mitotic  and  nonmitotic
cells  and on their  interactions  during  myogenesis.
Of particular  interest  is the demonstration  that  a
concentration  of colchicine below that required  for
metaphase  arrest  is  able  to  prevent  elongation  of
myotubes.
MATERIALS  AND  METHODS
Monolayer  cultures  of  11-day  chick  embryo  breast
muscle  were  prepared  as  described  by  Okazaki  and
Holtzer  (1965).  Fragments  of  breast  muscle  were
incubated  for  45  min  in  calcium-magnesium-free
Simms'  solution  containing  0.2%  trypsin.  After  re-
moval  of the trypsin solution, the cells were  dispersed
by  repeated  pipetting  in  culture  medium  (Eagle's
MEM  with  10%  horse  serum  and  10%  embryo  ex-
tract).  The  resulting  suspension was  passed  through
a double thickness of lens paper in a Swinney adapter,
and the cells were counted  in a hemocytometer.  Cul-
tures were initiated  with  1.2  ml  of a  suspension con-
111FIGURE  1  A  3-day  culture  to show  the typical  morphology  of  the inultinucleated  inyotubes.  In  vitro
myotubes  often anastonmose  an(d exhibit a hypernucleated  condition  not observed  in vivo.  X  440.
taining  5  X  105 cells per ml and incubated at 37.5°C
in 5 % CO 2:95 % air. The medium was changed daily.
The culture  vessels  consisted  of 35-mm  plastic  Petri
dishes  (Falcon Plastics,  Los Angeles),  each containing
a  22-mm-square  coverslip.  In experiments  involving
small  numbers  of cells,  a plasma  clot  (1  drop  fresh
chicken  plasma:  1 drop of embryo extract) was  made
on the coverslip  to insure the attachment  and survival
of the cells.
Stock solutions of colchicine  (Mann Research Lab.,
N.  Y.)  and other antimitotic  drugs  (Colcemid,  Ciba,
Fairlawn, N. J.; vinblastine  sulfate,  Lilly, Indianapo-
lis;  and  podophyllin,  Nutritional  Biochemical  Co;
Cleveland)  were  prepared  in  Simms'  solution,  steri-
lized  by  filtration,  and  diluted  1:100  with  culture
medium  to give  the  appropriate  concentration.  The
solutions  were  stored  at 4°C  and  kept  for  not  more
than  1 wk.
Labeling  was  carried  out  with  thymidine-3H
(Schwartz,  New York,  spec. act. 3 c/mmole), uridine-
3H  (New  England  Nuclear,  Boston,  spec.  act.  3  c/
mmole)  or leucine-
3H  (New  England  Nuclear,  spec.
act.  5 c/mmole.  The  label was chased  with medium
containing  0.2 mmole thymidine or 0.3 mmole uridine
following  washing  with  Simms'  solution.  Cultures
were fixed with alcohol: formalin: acetic acid  (20:2: 1)
and  the  coverslips  mounted  face-up  on  slides  and
coated  with  Kodak NTB3 emulsion.  After exposures
of from  I to 4 wk, the radioautographs were developed
in D-19  and stained with Ehrlich's  acid hematoxylin.
RESULTS
Histology of the  Cultures Prior to  Treatment
The  formation  of  multinucleated  myotubes
under  these  culture  conditions  has been  described
(Okazaki and Holtzer,  1966).  In most experiments,
cochicine  was  added  to  cells  that  had  been  in
culture  for 3  days.  By this time,  about 50  , of the
total  nuclei  are  within  myotubes.  The  myotubes
form a highly branched filigree  over the  surface  of
the  substrate,  with  hypernucleated  cytoplasmic
expansions  at the branch points and ends (Fig.  1).
In  the  linear portions of the  myotubes,  the  nuclei
usually  lie  in  single  file  near  the  center  of  the
myotube,  while  at  branch  points  and  ends  of
myotubes  the  nuclei  tend  to  be  tightly  packed
together  within the  sarcoplasm.  Spontaneous  con-
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the  end of the  3rd day in culture.  Between  the 3rd
and 4th  day,  a majority  of the myotubes become
contractile,  and eventually  the entire  mat of tissue
loosens from the substrate  and pulsates vigorously,
held in  place  only at  the edges  of the  coverslip.
Examination of glycerinated or fixed and stained
cultures  with  polarizing  optics  reveals  that,  by  3
days,  most  of  the  myotubes  exhibit  striated  and
nonstriated  birefringent  fibrils  within  the  sarco-
plasm.  Both types  of fibrils invariably  lie  parallel
with  the  long  axis of the  myotube  and  are  never
observed  to  deviate  by more  than  a  few  degrees
from  this  angle.  The  number  of  cross-striated
myofibrils  increases  rapidly  in  the  next  2  days
(Fig.  2).  Where  myotubes  fuse  or  bifurcate,  the
myofibrils  course  without  interruption  from  one
myotube  to  the  other.  At  these  points,  the  myo-
fibrils  seem  to  follow  the  contours  of  the  sarco-
FIGoIUE 2  A  5 day culture  photographed  in the polar-
izing  microscope.  Three  broad  myotubes  containing
birefringent  cross-striated  nlyofibrils  are  present  in the
field.  The  numerous  mnononucleated  cells  in  the  back-
ground  do  not  show  the  same  kind  of  birefringence.
X 440.
lemma,  and  there  is  no  evidence  of myofibrillar
disorientation  (Fig.  3).
Effect  of  Colchicine on Myotubes
Within 2 hr after the addition of 10-6 M  colchicine
to  3-day cultures,  local  swellings  or bulges appear
along  the  length  of the  myotube.  With continued
exposure,  the  swellings enlarge  and the sarcoplasm
between  adjacent  swellings  becomes  drawn  out
into thin bridges  (Fig. 4).  After 8 hr in colchicine,
some  of  the  sarcoplasmic  bridges  have  pulled
apart,  leaving  isolated  fragments  of  myotubes
(referred  to hereafter  as myosacs)  strung  out along
the  path  formerly  occupied  by  the  intact  fiber
(Fig.  5).  By 24  hr,  the  process  of fragmentation  is
complete  and  the  cultures  consist  of  isolated
myosacs  and  a  background  of  mononucleated
cells;  many of the  latter are  in  metaphase  arrest.
The  linear  disposition  of  myotube  nuclei  be-
comes  disrupted  during  the  process  of fragmenta-
tion  so  that  the  myosacs contain  various  numbers
of  nuclei  scattered  throughout  the  sarcoplasm.
The  myosacs  may  harbor  from  two  to  over  100
nuclei. Pseudopodial  extensions which are common
to  control  myotubes  are  conspicuously  absent  in
the  myosacs.  Colchicine  has  no  effect  on  the
morphology  of nuclei within  the myosacs.
Birefringent  fibrils,  both  striated  and  nonstri-
ated,  are observed  in  myotubes during colchicine-
induced fragmentation.  Their  linear  arrangement,
however,  is disturbed.  When  myosacs  are  rotated
between  crossed  polarizers,  bundles  of birefringent
fibrils  are  found  to  lie  in several  axes  (Figs.  6  8).
Examination  at high magnification  reveals  numer-
ous  short  fibrils  scattered  throughout  the  sarco-
plasm.  In addition,  some myosacs exhibit a central
region of amorphous  birefringent material.
Other  mitotic  inhibitors  were  found  to  be
effective  in  eliciting  the  changes  described.  Col-
cemid,  vinblastine  sulfate,  and  podophyllin  pro-
duce myotube  fragmentation  and metaphase  arrest
when  applied  in the  same  molar  concentration  as
colchicine.
Low temperature  has been  reported to simulate
the  effect  of  colchicine  on  mitosis  (Inou6,  1952;
Barber  and  Callan,  1943).  Accordingly,  3-  and
5-day cultures  were  incubated  at  4°C  for  various
lengths of time  from  30 min-7  days  and  then  re-
turned  to  370C.  Such  exposures  to  cold  do  not
result in  myotube  fragmentation.
As  a  test  of  whether  metabolic  activity  is  a
prerequisite  for  the  fragmenting  effects  of  col-
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microscope.  The  birefringent  myofibrils  tend  to follow  the  outer  edges  of  the sarcolemma  through  the
triangular  area of  bifurcation.  Observe  that  although the sarcoplasm  is continuous  in the center  of  the
branch point, myofibrils  are lacking  in this area.  X 320.
chicine,  myotube-containing  cultures were  glycer-
inated  and  then  exposed  to  colchicine.  The  drug
has  no effect on myotube  morphology  under these
conditions.  The  myofibrils  in  the  glycerinated
myotubes  were not  grossly altered.
The  extent  and  degree  of myotube  fragmenta-
tion and  the  numbers  of metaphase-arrested  cells
are the same both in cultures exposed to colchicine
for  the entire  24-hr  period  and  in those  removed
after  4  hr  and  grown  in  normal  medium  for  an
additional 20 hr. The extent of myotube recovery,
however,  is influenced  by the duration of exposure
(see  below).
As  previously  reported  by  Godman  (1955),
myotubes  in  older cultures  are  more  resistant  to
the  effects  of colchicine.  Fragmentation  in  5-day
cultures is  not complete until 48 hr after exposure.
Many of the  broad myotubes in  7-day cultures  do
not  fragment  during  continuous  exposure  to  col-
chicine  for periods  of at least  1 wk.
Concentration  of  Colchicine  Required  for
Fragmentation and Metaphase Arrest
To  determine  whether  the  mitotic-inhibiting
effect of colchicine exhibits the same  dose-response
relationship  as  the  myotube-fragmenting  effect,
we  grew  cultures for  3 days  and exposed  them for
various  periods  of  time  to  concentrations  of col-
chicine  ranging from  10
- 8  to  10- 6 M.  The  accumu-
lation  of cells in metaphase  arrest and the progres-
sion  of  myotube  fragmentation  are  both
independent  of  concentration  from  10--10-7 M
colchicine  (Table  I).  The  rate  of increase  in  the
metaphase  index  is  linear from  2  24  hr,  and  the
slope  of the curve  is  approximately  the  same  with
concentrations  from  10--10-7 M. No  ana-telo-
phase  figures  are  found  in  these  cultures.  The
slower rate  of increase  in the  metaphase index and
the  presence  of ana-telophase  figures  in  cultures
exposed to 5  X  10- 8 M colchicine indicate that the
mitotic  block  is  not  complete  at  this  concentra-
tion.  There  is  also  a  diminution  in  the  rate  of
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- 6
M  colchicine for 4 hr before sacrifice,  to show an early stage of
myotube  fragmentation.  Two  myosacs  are  still  connected  by  a thin  bridge  of  sarcoplasm.  During  the
process of fragmentation,  nuclei become displaced from the attenuated portions  of the myotube and collect
in the expanding myosacs.  Note the four cells in MA with a clear area surrounding the condensed chroma-
tin.  X  850.
myotube  fragmentation  in  these  cultures.  Myo-
tubes  exposed  to  10
- 8  M colchicine  exhibit only  a
few  local  swellings,  and  no  metaphase  arrest  is
observed  in  the  mononucleated  cells.  The  total
mitotic index of the  latter  cultures  is  the  same  as
that  found  in  control  cultures  from  the  same
experiment.
In summary,  myotube fragmentation  and meta-
phase  arrest in  3-day  cultures  respond  in  parallel
to  decreasing  concentrations  of  colchicine.  The
effectiveness  of the  drug on  both processes  dimin-
ishes  at  5  X  10
- 8 M and  is  lost at  10
- 8 M.
Recovery of Myosacs
3-day  cultures  were  exposed  to  10
- 6 M  colchi-
cine  for  4  or  24  hr,  washed  in  three  changes  of
Simms'  solution,  and  reincubated  in  medium
without  colchicine.  Cultures were  examined  daily
with  phase-contrast  optics,  and  triplicate  cultures
were fixed  at intervals up to 9 days after removal of
the  colchicine.  Within  2  days  after  removal,  the
myosacs  begin  to  elongate.  The  first  sign  of
recovery  is  the  appearance  of fine  pseudopodial
outgrowths  at the periphery  of the  myosacs.  After
4 days'  growth  in  normal  medium,  a majority of
the  myosacs  appear  stellate  and exhibit  from one
to  eight  nucleated  sprouts  radiating  from  the
original  myosac  (Fig.  9).  Cytoplasmic  outgrowth
and elongation of the myosac sprouts continue until
myotubes of normal appearance  are regenerated  in
the cultures.  After  8  days,  restitution of the myo-
tubes  is essentially complete  and only a  few  myo-
sacs  in  various  stages  of  degeneration  remain  as
evidence  of the effects of colchicine.
During  myosac  recovery,  the  nucleated  sprouts
and  adjacent  sarcoplasm  are  filled  with  strongly
birefringent  striated  and  nonstriated  myofibrils
(Figs.  10-12).  The  parallel  arrangement of fibrils
in  the  sprouts  is  similar  to  that  found  in normal
myotubes,  although  in  the  central  region  of  the
myosac the  fibrils  are  still  scattered.  Examination
of  myosacs  in  various  stages  of  recovery  suggests
that the amount of birefringent  material  is directly
proportional  to  the  degree  of  sarcoplasmic  out-
growth  and elongation.
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- 6 M  colchicine  for 8 hr before sacrifice.  Some
myosacs  are completely  isolated,  while  others  are  still  connected  by  cytoplasmic  bridges.  Many  of  the
mrononucleated  cells  are  in  metaphase  arrest.  X  160.
The  proportion  of  myosacs  that  recover  from
colchicine  is  inversely  related  to  the  duration  of
exposure.  Cultures exposed  for 24 hr and grown  in
normal  medium  for  4  days  possess  fewer  stellate
myosacs  than  do  cultures  exposed  for  only  4 hr.
Myosacs that  fail to  elongate  or sprout  by 4 days
generally  degenerate.
The  observation  that  some  colchicine-frag-
mented  myotubes  degenerate,  whereas  those  that
do recover experience  a lag of from 2-4 days before
outgrowth  appears,  led  to  an  examination  of the
metabolic  activity of  the  myosacs.  3-day cultures
were exposed  to  colchicine for  24 hr, washed,  and
then exposed  in  triplicate  to  either leucine-3H  (I
,uc/ml) or uridine-3H  (1  c/ml)  for  1 hr immedi-
ately  after colchicine  or on day  5,  7, or  8 during
recovery in normal medium. Control cultures were
carried through  the  same  procedure  but with the
colchicine  omitted.  In  addition,  4-day  cultures
were  exposed  simultaneously  to  colchicine  and
uridine-3H for 4 hr and then  sacrificed.
Radioautographs  of  the  cultures  show  no  sig-
nificant difference  in  leucine  incorporation  by the
myotubes  either  before  colchicine,  immediately
after,  or  during  recovery.  The  silver  grains  are
evenly  distributed  over  the  myotubes  and  mono-
nuclear cells.
In  all  cultures,  incorporation  of  uridine-
3H
during the 1-hr exposure  is predominantly nuclear.
Since  myotubes  vary  in  thickness,  reduction  in
grain  density  resulting  from  cytoplasmic  absorp-
tion  (Perry,  1964)  cannot  be  ruled  out.  To
minimize variations  in  thickness,  only  those  myo-
tubes  or myosacs  lying in  the  same  focal  plane  as
the mononucleated cells were analyzed with respect
to grain  density.
The results of these experiments are summarized
in  Table  II.  Colchicine  has  no  detectable  effect
on  uridine  uptake  by mononucleated  cells  or  by
myotubes  prior  to  fragmentation.  After  24  hr  of
colchicine  treatment,  fragmentation  is  well  ad-
vanced.  Silver  grain  density  over  myosac  nuclei
in  these  cultures is  somewhat  less  than that found
over  myotube  nuclei  in  control  cultures.  A  pro-
nounced  reduction  in  grain  density  over  myosac
nuclei  is  observed  at  5  days of culture  age  when
myotube  fragmentation  is  complete  (Fig.  13).
Cytoplasmic  outgrowth  from  the  myosacs
116  THE JOURNAL  OF  CELL  BIOLOGY  · VOLUME  36,  1968begins  between  5  and  7 days.  Uridine  uptake  by
the  nuclei  in  most  of  the  recovering  myosacs  is
similar  to  that  found  in  mononucleated  cells  in
the  same  cultures  or  in  normal  myotubes  in
control cultures.
That  myotube  fragmentation  appears  to  be
accompanied  by  a  transient  depression  in  uridine
incorporation  was  confirmed  in  another  experi-
ment.  4-day  cultures  were  exposed  to  colchicine
for  24  hr  and  then  pulsed  with  uridine-3H  on
culture  days  6  and  7. At this  time,  fragmentation
is  complete  and  outgrowth  has  not  yet  begun.
Some  cultures  were  fixed  immediately  after  the
pulse,  and  others  were  incubated  for  24  hr  in
medium  containing  unlabeled  uridine.  In  the
latter  cultures,  the  silver  grains  are  evenly  dis-
tributed  over  both  nuclei  and  cytoplasm.  Grain
density  is  reduced  over  the  myosacs  after  both
types of labeling  conditions.
Effect of 10-8 M  Colchicine on Myogenesis
Since  10-  M colchicine  produces  a  minimal
effect  on myotube  morphology  in  3-day  cultures
but  does  not  interfere  with  mitosis  (Table  I),  it
was thought  that  this concentration  of colchicine,
if present  at  the  beginning  of the  culture  period,
might influence  the formation  of myotubes.
Cultures  were  initiated  in normal  medium  and
in medium  containing  0- s or  10-9 M colchicine.
The  appearance  and  behavior  of  cells  in  10-9M
colchicine  are  identical with  those of the controls.
Many  of  the  cells  in  normal  medium  exhibit  a
bipolar  shape  (Konigsberg,  1963),  and,  during
the  1st day,  some of these cells form linear associa-
tions prior  to  fusion.  In  contrast,  cells  in  10-8M
colchicine  are  more  rounded  and  form  compact
aggregates.  Fusion  occurs  in  all  cultures  during
the  2nd  day,  but  in  10-sM  colchicine  the  fused
cells  fail  to  elongate  to  form  normal  myotubes.
The  fused  units  are  similar  to  the  myosacs  pro-
duced  by  the  action  of  10-6 M colchicine  on  pre-
FIGURES 6-8  Myosacs  from  a  culture  exposed  to
10- 6 M  colchicine  for 4 hr  on day 3 and sacrificed  after
an additional 20 hr of growth in normal  medium. Fig. 6
was photographed  with normal  illumination  so that we
could show the disposition of nuclei within the myosacs.
Figs.  7 and  8 are  the same  field  photographed  under
polarized  illumination  with  the  stage  rotated  90° be-
tween  exposures.  Birefringent  myofibrils  lie  scattered
throughout the sarcoplasm  and can  be  detected  at any
angle  of  stage  rotation.  X  320.
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Effect  of Colchicine on Mitosis and Myotube Fragmentation
Myogenic  cells  were  grown  on  coverslips  for  3  days  and  exposed  for  various
lengths of time to concentrations  of colchicine  from 10-s to 10
- 6 M. The percentage
of mononucleated  cells  in  metaphase  arrest  was  scored  by counting  at  least  500
cells in each culture. The degree of myotube fragmentation  is also indicated.




exposure  100  50  10  5  1
hr
2  1.2*  1.6  0.4  0.1  0
(+)$  (+)  (+)  (0)  (0)
4  3.4  2.0  2.8  1.1  0.2
(++)  (++)  (++)  (+)  (0)
8  8.7  8.4  7.2  5.2  0
(+-++)  (+++)  (+++)  (++)  (0)
24  35.0  33.0  34.0  26.0  0
(++++)  (++++)  (++++)  (++++)  (+)
* Per  cent  metaphase  arrest.
$  Degree of myotube  fragmentation:  0,  none;  1+, few  local swellings;  2+, extensive
swellings,  connected  by cytoplasmic  bridges; 3+,  some isolated  fragments,  oblong  or
fusiform; 4+, predominantly  isolated  fragments,  rounded.
formed  myotubes.  Many  small  myosacs,  contain-
ing  two  to  four  nuclei,  are  present  in  these  cul-
tures. A few cells  in metaphase  arrest are observed
during the  first few  days of culture,  but the pres-
ence  of  normal  ana-telophase  figures  indicates
that the mitotic block  is not  complete.
Incorporation  of  nuclei  into  the  myosacs  con-
tinues  in  the  presence  of  10-8  M  colchicine  for  at
least  5  days.  Large  myosacs  contain  upwards  of
50  nuclei  packed  tightly  together  and  piled  on
top  of one  another  within  a  common  sarcoplasm
(Fig.  14).  By 5  days,  the cultures have become  so
dense that groups of myosacs  are wedged  together
like  paving  stones,  yet  still  retaining  their  indi-
vidual boundaries.
Spontaneous  contraction  began  at  3  days  in
both  the  control  cultures  and  in  the myosac  cul-
tures.  Examination  of  glycerinated  cultures  with
polarizing  optics  revealed  birefringent  fibrils  in
the  sarcoplasm of the myosacs  as  early  as 3  days;
by 5 days,  most of the  myosacs  contain bundles  of
striated myofibrils.
When  5-day  cultures  are  removed  from  col-
chicine,  elongation  of myosacs  commences  within
a  few  hours.  The  recovery  of  these  myosacs  is
much  more  rapid  than  is  the  recovery  of  those
myosacs  produced  by  the  fragmentation  of  pre-
formed myotubes.
Effect of Colchicine on Fusion
Fusion  of mononucleated  cells takes  place  only
in G1  (Bischoff  and  Holtzer,  1966;  Okazaki  and
Holtzer,  1966).  When  3-day  cultures  are  given  a
30-min  pulse  of  thymidine-3H  and  sacrificed  at
2-hr  intervals,  the  first  labeled  cells  appear  in
myotubes  at  8  hr  after  the  labeling  period.  To
determine  whether  fusion  continues  in  the  pres-
ence  of a concentration  of colchicine  sufficient  to
cause  myotube  fragmentation  and  metaphase
arrest,  we  labeled 3-day  cultures  with thymidine-
3H  for  30  min,  washed  them,  and  incubated
them  in medium containing  unlabeled  thymidine.
Duplicate  cultures  were  placed  in  10-6 M  colchi-
cine  at  2-hr  intervals  after  labeling.  The  cultures
were  grown  in  colchicine  for  an  additional  24  hr
before  sacrifice  and  the  preparation  of radioauto-
graphs.
All cultures that had been  exposed to colchicine
exhibited  the usual degree  of myotube fragmenta-
tion  after  24 hr. No  labeled  nuclei  were  found  in
myosacs  from  cultures  that  had  been  placed  in
colchicine  at  0,  2,  or  4  hr  after  labeling.  A  few
118  THE  JOURNAL  OF  CELL  BIOLOGY  · VOLUME  36, 1968FIGURE  9  Recovering  myosacs from a culture exposed to 10
-6 M  colchicine for 4 hr on day 3 and sacrificed
after an additional 5  days' growth  in normal medium.  Six nucleated  sarcoplasmic  processes  are beginning
to grow out from the  myosac. In time, these processes might achieve a length of over  mum.  X  500.
labeled  nuclei  had  fused in  the  6-hr  cultures,  and
their  frequency  increased  with  increasing  inter-
vals  between  labeling  and exposure  to  colchicine.
Two  points emerge  from  these  results.  First,  if
colchicine  is  applied  within  4  hr  after  labeling,
fusion  of labeled  cells  is  blocked  throughout  the
subsequent  24-hr  period  of  culture.  Second,  if
colchicine  acts  as a direct  and immediate  block to
fusion,  fused  labeled  cells  should  first  appear  in
cultures  exposed  to  colchicine  8  hr  after  labeling
(see  above).  Their  appearance  in  cultures  at 6  hr
suggests  that  fusion  continues  for  at  least  2  hr  in
the  presence  of colchicine  and that  colchicine  per
se  does  not  preclude  fusion.
Experiments  were  designed  to  assess  the capac-
ity for  fusion  of mononucleated  cells remaining  in
the  cultures  after  colchicine  treatment.  3-day
cultures  were  exposed  to  colchicine  for  4  hr  and
then  labeled  for 4  hr with  thymidine-3H  on  days
4,  5,  7,  and  9.  Cultures  from  each  group  were
sacrificed  after  24,  48,  and  72  hr,  and  radioauto-
graphs  prepared.  There  was  no  incorporation  of
labeled nuclei  by myosacs  or elongating  myotubes
throughout  the  entire  period  of  recovery.  Thus,
fusion  cannot  be  demonstrated  in  cells  labeled
after  colchicine  treatment.  The  nuclear  comple-
ment  of the  myosacs  after  fragmentation  is  suffi-
cient  to  support their recovery.
Recovery  of  Metaphase-Arrested Cells
The  demonstration  that  a  4-hr  exposure  to
colchicine  prevents  fusion  of mononucleated  cells
during  subsequent  recovery  raises  the  question  as
to  whether cells arrested  in metaphase can recover
and,  if so,  whether  they retain  myogenic  proper-
ties.  Recovery  was  followed  by taking  advantage
of the  observation  that  cells  in metaphase  arrest
(MA)  do  not  incorporate  uridine-3H.  All  inter-
phase  cells  in  these  cultures  incorporate  uridine
and  retain  their  label  through  at  least  7  days'
growth  in  medium  containing  unlabeled  uridine
(Bischoff  and  Nameroff,  unpublished  observa-
tions).  If cultures  containing  MA  cells  are  grown
in  normal  medium  following  a  pulse  of  labeled
uridine,  the  appearance  in  the  cultures  of  un-
labeled  interphase  cells would  indicate  that  some
of  the  arrested  cells  had  recovered  from  the
metaphase  block.  The  absence  of  silver  grains
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metaphase  arrest  at  the  time  of  labeling.  Both
colchicine  and  Colcemid  were  tested  in  these
experiments,  since  the  effect  of  Colcemid  is
reported  to be  less toxic  (Gelfant,  1963)  and more
reversible  (Kleinfeld  and  Sisken,  1966)  than  that
of colchicine.
Myogenic  cells  were  cultured  for  24  hr  and
exposed  to  medium  containing  either  10-6 M
colchicine  or  Colcemid  for  7 hr. Tritiated  uridine
(I  c/ml)  was  added  during  the  last  45  min  of
culture.  After labeling,  most of the  MA cells  were
removed  from  the  culture  by  gentle  pipetting,
washed once  in Simms'  solution,  and  replated on
plasma  clots  in  normal  medium  containing  un-
labeled  uridine.  Counts  made  of smears  prepared
from  the  suspensions  before  plating  revealed  that
about  67 %  of  the  cells  removed  from  both  the
colchicine  and  Colcemid  cultures  were  in  MA.
Duplicate  cultures were  sacrificed  at various times
after  replating  and  radioautographs  were  pre-
pared.
Radioautographs  of  cells  removed  from  the
colchicine-treated  cultures  and  grown  in  normal
medium  for  2  hr  before  sacrifice  revealed  that
virtually  all  interphase  cells  are  labeled.  Cells  in
MA  are  unlabeled  and  display  highly  condensed
chromatin  (Fig.  15).  No  ana-telophase  figures  are
present.  Examination  of these cultures  at intervals
up to 40 hr shows  little evidence  of recovery  of the
MA  cells.  Most  of  the  MA  cells  present  during
the  latter  part of the  culture  period  are  labeled.
Reutilization  of the  labeled  uridine  probably  did
not  occur  since  the  cultures  were  grown  in  un-
labeled  uridine  for  the  entire  period.  Thus,  the
labeled  MA  cells  must  have  arisen  from  cells
labeled in  interphase  and subsequently arrested  in
metaphase  by  cell-bound  colchicine.  The  per-
sistence  of the  colchicine  effect  may result  either
from  the  presence  of  cell-bound  colchicine  or
from  the  prior  action  of  the  drug  on  interphase
cells.  The  absence  of  unlabeled  interphase  cells
throughout  the  40-hr  period  indicates  that  cells
arrested  by  colchicine  do  not  recover  from  the
metaphase  block.
In  contrast  to  these  findings,  cells  arrested  by
Colcemid  begin  to recover  within 2 hr,  and some
may  fuse  to form  myotubes.  After  2 hr  of growth
in  normal  medium,  most  interphase  cells  from
Colcemid-treated  cultures  are  labeled.  The  chro-
matin of cells  in MA  induced  by Colcemid  is  less
tightly  condensed  than  in  the  colchicine-treated
cells  (Fig.  16).  Cells  in  MA  are  unlabeled,  and  a
number  of  unlabeled  ana-telophase  figures  are
present.  No  MA  cells  are  present  in  cultures
sacrificed  at  14  hr,  but  many  of  the  interphase
cells  are  unlabeled  (Fig.  17).  Unlabeled  inter-
phases  persist  in  these  cultures  for  at  least  40  hr
after labeling.
Myogenesis  does  not  take  place  in  cultures
initiated  from  colchicine-treated  cells;  with  Col-
cemid,  however,  myotubes  containing  up  to  ten
nuclei are  present at 40 hr. Many  of the myotubes
display  a lower  grain  density  than  do  the  mono-
nucleated  cells  in  the  same  cultures,  and  a  few
myotubes  with  no  labeling  above  background
were  observed.  Fusion  of labeled  and  unlabeled
cells  in  various  proportions  within  a  given  myo-
tube could  account for  the spread  in grain  density
among the  myotubes.  Since  no  "hot  spots"  were
observed  over  the  myotubes,  mixing of cytoplasm
must be  rapid after  fusion has  occurred.
DISCUSSION
A common denominator of the  action of colchicine
on  diverse  cell  types  has  often  been  sought  in
terms  of its  effect  of  gel-to-sol  transformation  of
intracellular  structure  (Beams  and  Evans,  1940;
Eigsti  and  Dustin,  1955).  In  the  case  of mitotic
cells,  recent  studies  of  spindle  birefringence
(Inoue,  1952)  and  ultrastructure  (Dales,  1963;
George  et  al.,  1965)  demonstrate  that  metaphase
FIGURES  10-12  Recovering myosac from same culture as in Fig. 9. Fig.  10, photographed
under  normal  illumination,  shows  an advanced  stage  of  myosac  recovery.  The nuclei  are
relatively  sparse in the  center of the  myosac  and tend to be  concentrated at the periphery
and within  the areas of sarcoplasmnic  outgrowth.  Incorporation  by  such myosacs  of labeled
mononucleated  cells  cannot  be  demonstrated.  Thus,  sarcoplasmic  outgrowth  must  be
accompanied  by migration  of nuclei  from the  interior  of  the myosac.  Figs.  11  and  12  are
the same  field  photographed  under  polarized  illumination  with the  stage rotated  900
° e-
tween  exposures.  Birefringence  is  conspicuously  more  intense  in  the areas  of outgrowth.
Many  of  the  myofibrils  are  cross-striated.  X  260.
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Effect  of Colchicine on  Incorporation of Uridine-
3H
Grain  density  over  nuclei
Mononucleated
Treatment  Age  of cultures  Myotibes  Myosacs  cells
days
None  4,  5,  7,  8  .+++  ++++
Colchicine  4 hr  4  .+ ++  + +  -+
Colchicine  24  hr  41  ++  +-++
Colchicine  24  hr,  then  normal  5  +  ++++
medium 24  hr
* Interphase  cells;  mononucleated  cells  in mnetaphase  arrest  do  not incorporate  uri-
dine-3H.
:  Exposed to colchicine  from  days  3  to  4.
FIGURE  13  Radioautograph  of  a culture  exposed to  10
-6 M colchicine  for  4  hr on  day  3,  grown for  an
additional  2 days in normal  medium and labeled with uridine-3H  for 1 hr before  sacrifice. The  myosacs  at
this  stage  incorporate  little uridine  when compared  with the inononucleated  cells.  X  850.
122  THE  JOUtNAL  OF  CELL  BIOLOGY  VOLUME  36,  1968FIGURE  14  Myogenic  cells  cultured for 5  days  in  10
-8  M colchicine.  Numerous  multinucleated  myosacs
have formed  through the  fusion  of mononucleated  cells. Many  of the nononucleated  cells are rounded and
have basophilic cytoplasm.  This concentration  of colchicine  does not inhibit mitosis.  X 800.
arrest by  colchicine  is  accompanied  by  dissolution
of the  mitotic  spindle tubules.  Cytoplasmic micro-
tubules,  similar in  appearance  to spindle  tubules,
have been observed  in a great variety of interphase
and nonmitotic cells (Behnke,  1964; de The,  1964;
Byers  and Porter,  1964;  Gall,  1966; Taylor,  1966;
Gonatas  and  Robbins,  1964;  Bikle  et  al.,  1966),
including  chick  myoblasts  and  elongating  myo-
tubes  in  vivo  (Przybylski  and  Blumberg,  1966)
and  in  vitro  (Ezerman  and  Ishikawa,  1967).
These  elements  appear  to  be  the  most  probable
target  for  the  action  of colchicine  on  interphase
cells.  Robbins  and  Gonatas  (1964)  reported  that
colchicine  treatment  of HeLa  cells  during  inter-
phase  leads  to  the  disappearance  of cytoplasmic
microtubules.  Colchicine  also  causes  the  dissolu-
tion  of  microtubules  in  the  axopods  of  Actino-
sphaerium (Tilney,  1965).  It  remains to  be  demon-
strated,  however,  that  myotube  fragmentation  is
accompanied  by  loss of microtubules.  Cold  treat-
ment  is reported to  mimic the effects of colchicine
on  microtubules  (Tilney,  1965)  and  spindle
tubules  (Inou6,  1952;  Barber  and  Callan,  1943),
but  in  the  present  experiments,  exposure  to  cold
for  various  periods  of time  had  no effect  on myo-
tube  morphology.  We  are  currently  examining
colchicine-treated  myotubes  with  the  electron
microscope.
Comparison  of  certain  aspects  of  metaphase
arrest  and  myotube  fragmentation  reveals  that
similarities exist between  the two  events. Exposure
of  3-day  cultures  to  10-6 M colchicine  for  4  hr
completely  blocks mitosis for at  least 24 hr.  Like-
wise,  the  process  of myotube  fragmentation  goes
to  completion  despite  the  absence  of  external
colchicine during  the  final  20 hr. Godman  (1955)
reported  similar  results  with  rat  myotubes  in
vitro.  These  findings  are  in  agreement  with  the
report  (Taylor,  1965)  that  labeled  colchicine  is
bound  to  cells  in  interphase  and  released  only
slowly  during incubation  in normal medium.
It  has been reported  that a higher concentration
of  colchicine  is  required  to  disrupt  preformed
spindles  than  to  prevent  spindle  formation  (Tay-
R.  BISCHOFF  AND  H.  HOLTZEu  Effect of Mitotic Inhibitors on Myogenesis  123FioURE  15  Radioautograph  of  cells  cultured  for  2  hr after removal  from cultures  treated  with  10
-6 M
colchicine  for  7  hr and  labeled  with uridine-3H  during  the  final  30  min. This  cluster  of cells  includes at
least  four  labeled interphase  cells and  five  unlabeled  cells  in  metaphase  arrest.  Observe  the  tightly con-
densed  chromlatin  of the  metaphase-arrested  cells.  X  800.
FIGoUtE  16  Same  protocol  as in Fig.  15,  except  treated with Colcemid  instead of colchicine.  Interphase
cells are labeled,  and cells in  metaphase  arrest are  unlabeled.  The chromlatin  of these metaphase-arrested
cells is  less tightly condensed  than that  observed  in colchicine-arrested  cells.  X  800.
lor,  1965;  Gaulden  and  Carlson,  1951;  Puck  and
Steffen,  1963).  Similarly,  exposure  of  3-day
muscle  cultures  to  10-8 M colchicine  for  24  hr
produces  a  minimal  effect  on  myotube  mor-
phology.  On the  other hand,  the  same  concentra-
tion of  inhibitor,  when  present  at  the  beginning
of the culture period,  is  sufficient  to prevent  com-
pletely myotube  elongation.
The  fact that  10-8 M colchicine  does  not  block
mitosis  suggests  a  difference  in  drug  sensitivity
between  spindle  formation  and  myotube  elonga-
tion.  The  process  of subunit  assembly  may  differ
in  the  two  systems.  For  example,  spindle  tubules
are  thought  to  be  organized  by  the  centrioles
(Inou6,  1964),  whereas  a  different  mechanism
may operate  in the assembly of cytoplasmic micro-
tubules.
Godman  (1955)  reported a  loss of birefringence
in  colchicine-treated  myotubes  and  suggested
that  myotube  fragmentation  may  result  from
disruption  of contractile  protein  fibrils.  The  fol-
lowing  observations  demonstrate  that  although
alteration  in  the  arrangement  of  myofibrils  is  a
consequence  of  colchicine  treatment,  this  is
probably  a secondary  effect  of myotube  fragmen-
tation.  (1)  When  myotubes  containing  bire-
fringent,  cross-striated  myofibrils  are  exposed  to
10-  M colchicine,  birefringence  persists  through-
out  the  fragmentation  process  and  during  recov-
ery.  (2)  Although it  is  not yet  clear  whether  the
myotubes  remain  contractile  during  fragmenta-
tion,  spontaneous  contractions  resume  shortly
after removal  of the  drug and  before  the  myosacs
begin  to elongate.  (3)  Myosacs  which  form in  the
124  THE  JOURNAL  OF  CELL  BIOLOGY  - VOLUME  36,  1968FIGIE  17  Same  protocol as  in Fig.  16,  except  grown for  14 hr  in normal medium  before  sacrifice.  No
metaphase-arrested  cells  are present  in the culture, but the frequency  of unlabeled interphase  cells (arrow)
has increased.  These are presumed to have originated from cells in metaphase arrest at the time of labeling.
X  800.
presence  of  10-8 M  colchicine  differentiate  cross-
striated  myofibrils  and  begin  to  contract  at  the
same  time  as  do  myotubes  in  control  cultures.
(4)  Colchicine  does  not  fragment  myotubes  in
glycerinated  cultures.  In  view  of  these  observa-
tions,  it  is  not  likely  that  the  actin  or  myosin
filaments are  the  primary targets of colchicine.
Certain  aspects  of  the  effect  of  colchicine  on
myogenic  cultures  provide  further information  on
the  events  of  myotube  formation;  these  include
withdrawal  of  mononucleated  cells  from  the
mitotic  cycle,  recognition  of  myogenic  cells,
fusion,  myotube  elongation,  and synthesis  of con-
tractile  protein  (Okazaki  and  Holtzer,  1965,
1966).  The  demonstration  that  fusion  and  con-
tractile  protein  synthesis  take  place  in a  concen-
tration  (10
- s M)  of  colchicine  that  prevents
elongation  indicates  that the  processes  underlying
the  former events  are  not determined  by  the  gross
morphology of the  myogenic  cell.  The  intracellu-
lar  elements  responsible  for  elongation  are  not
indispensable  to the  assembly  of myosin  and actin
to  form cross-striated  myofibrils.
Further  evidence  regarding  the  relation  be-
tween  fusion  and  the mitotic cycle  is given  by the
effect  of  colchicine  on  fusion  of a  cohort  of cells
pulse-labeled  with  thymidine-3H.  It  was  found
that  the  addition  of colchicine  within  4  hr  after
labeling  prevented  the  fusion  of  labeled  cells
during  a  subsequent  24-hr  period.  Addition  of
colchicine  after  4  hr  does  not  block  fusion  of
labeled  cells.  Since it has  been demonstrated  that
myogenic  cells  fuse  only during  G 1 (Okazaki  and
Holtzer,  1966;  Bischoff  and  Holtzer,  1966),
these  data may  be explained  in  terms of the phase
of the  mitotic cycle  in which  the labeled cells were
at  the  time  of  colchicine  application.  The dura-
tion  of G2 +  M  in  these  cells  is  between  3 and  4
hr  (Bischoff  and  Holtzer,  1966).  Therefore,  if
colchicine  is  added  at  4 hr or  earlier,  all  labeled
cells  should  be  arrested  in  metaphase  and  thus
prevented  from  entering  G1.  At  6 hr  after  label-
ing,  a few cells,  those labeled  at the  end of S,  will
have  passed  through  mitosis  and entered  G1.  Pre-
sumably,  it  is  these  cells  that  fuse  after  the  addi-
tion  of colchicine  at  6  hr.  That  the  labeled  cells
can  fuse in  the presence  of colchicine  follows from
the  observation  that  incorporation  of  labeled
nuclei  in  normal  cultures  does  not  occur  earlier
than  8  hr  after  labeling.  Thus,  labeled  cells  in
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complete  the  process  of fusion  in  the  presence  of
colchicine.  The  demonstration  that  10-8 M  col-
chicine does  not interfere  with fusion  also supports
the  view that  the  effect  of colchicine  in  the  pre-
ceding  experiment  is  a  result  of  its  interference
with the flow of the cell  cycle.
Colchicine  treatment  of  myogenic  cultures
results  in  metaphase  arrest  and  myotube  frag-
mentation.  Both  events  must  be  considered  in
assessing  the  degree  of recovery.  Myosac  elonga-
tion  commences  2  days  after  removal  of  colchi-
cine,  and  normal myotubes  are  present by  4  or 5
days.  Radioautography  of myosacs  during  recov-
ery  indicates  that  protein  synthesis  is  not  grossly
affected  by  colchicine,  though  uridine  uptake
appears  to be  depressed  during  the early  stages of
recovery.  It  remains  to  be  determined  whether
this  low  level  of  uridine  incorporation  reflects  a
difference  in rate  of RNA synthesis or  a change  in
the  pool of intracellular  uridine.  Nevertheless,  by
the  time  outgrowth  begins, uridine  incorporation
by myosacs  is indistinguishable  from that found in
normal  myotubes.  Thus,  the  effects  of colchicine
on myotubes  appear  to  be reasonably  reversible.
Many  of the mononucleated  cells  in  these  cul-
tures  are  arrested  in  metaphase  by  colchicine
(Table  I;  see  also,  Okazaki  and  Holtzer,  1966).
Nevertheless,  ana-telophase  figures  reappear,  and
dividing  cells  can  be  labeled  with  thymidine-3H
throughout  the  period  of myosac  recovery,  begin-
ning on  the  1st day of growth  in normal  medium.
The  failure  to  demonstrate  fusion  of mononucle-
ated  cells  during  myotube  recovery  suggests  that
the  cell  surface  properties  may  have  been  altered
by the  colchicine  treatment.
Thus,  although  both  elongating  myotubes  and
a dividing population  of mononucleated  cells are
present  during  recovery  of the  cultures,  the  nor-
mal  interaction  between  the  two  (i.e.,  fusion)
appears  to  have  been  abolished.  The  deficiency
may  lie  with  either  the  myotubes  or  the  mono-
nucleated  cells.  Experiments  are  underway  to
permit a  decision  between  these  alternatives.
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